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Do	  We	  Understand	  This?	  

PRD65,	  092008	  (2002)	  
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RHIC	  	  

Non-Perturbative cross section Perturbative cross section 

PRL	  (2004)	  

Large	  Transverse	  Single	  Spin	  Asymmetry	  (SSA)	  
in	  forward	  hadron	  produc?on	  persists	  up	  to	  
RHIC	  energy.	  
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Sivers,	  Collins,	  Twist-‐3	  ….	  
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Sivers mechanism: Correlation 
between nucleon spin and parton kT	


Phys Rev D41 (1990) 83; 43 (1991) 261	


Collins mechanism: Transversity 
(quark polarization) * Spin-dependence 
in the jet fragmentation 

Nucl Phys B396 (1993) 161	


Forward	  focus:	  
-‐  Valence	  quark	  Sivers	  via	  pion	  
-‐  Gluon	  Sivers	  via	  heavy	  quarks	  
-‐  Drell-‐Yan	  Sivers	  sign	  change	  

Orbital	  Angular	  Momentum?	  

-‐  Quarks’	  Sivers	  and	  Collins	  TSSA	  observed	  in	  SIDIS	  
-‐  Gluons’	  Sivers	  not	  constrained	  in	  SIDIS	  @LO	  

Possible	  Mechanisms	  for	  Transverse	  Spin	  Asymmetry	  

Requires	  full	  jet	  measurements	  	  
-‐	  forward	  s/ePHENIX	  upgrade	  
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PHENIX	  Detectors	  	  
Central	  Arm	  	  	  	  	  	  	  |η|	  <	  0.35	  
	  

Ø 	  Drii	  Chamber	  (DC)	  
Ø 	  PbGl	  and	  PbSc	  (EMCal)	  
Ø 	  Ring	  Imaging	  Cherenkov	  Detector	  (RICH)	  
Ø 	  Pad	  Chambers	  (PC)	  
Ø 	  Time	  Expansion	  Chamber	  (TEC)	  
Ø 	  Silicon	  Vertex	  Detector	  (VTX)	  
	  

Muon	  Arms	  	  	  1.2	  <	  |η|	  <	  2.4	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  

Ø 	  Muon	  tracker	  (MuTr)	  
Ø 	  Muon	  IdenEfier	  (MuID)	  
Ø 	  RPC	  (Trig)	  
Ø 	  Forward	  VTX	  (FVTX)	  

	  
Muon	  Piston	  Cal.	  (MPC)	  	  	  3.1	  <	  |η|	  <	  3.9	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  

Ø 	  photons	  (	  	  	  	  	  	  	  	  	  	  	  )	  
Ø MPX-‐EX	  upgrade(2015)	  

	  
	  Global	  Detectors	  (Lumi,	  Trigger,	  local	  Pol.)	  
	  

Ø 	  BBC	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Ø 	  ZDC	  (neutron)	  

	  

μ+	  

μ-‐	  

e-‐	  

h+	  

!

! 0,"...
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Recent PHENIX Transverse Spin Runs	  

Year √s [GeV] Recorded L Pol [%] FOM (P2L) 

2006 (Run 6) 200 2.7 pb-1 50 700 nb-1 

2008 (Run 8) 200 5.2 pb-1  45 1100 nb-1 

2012 (Run12) 200 9.2 pb-1 60 3300 nb-1 
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Central	  Arms:	  Mid-‐rapidity	  π0	  and	  η	  

-‐	  Cross	  sec?ons:	  pQCD	  in	  good	  agreement	  with	  RHIC	  data	  
-‐	  AN:	  consistent	  with	  zero	  –	  {x,	  Q2}	  dependence	  under	  inves?ga?on	  
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MPC:	  Forward-‐rapidity	  π0	  and	  η	  

7 

θ	  π,	  η	  

γ1	  

γ2	  
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3.1	  <	  |η|	  <	  3.9	  	  



MPC:	  π0	  and	  η	  AN,	  √s=62.4,	  200	  GeV	  

8	  

   p↑+p→η0+X at √s=200 GeV/c2 

6/24/13	   Ming	  Liu	  @RHIC-‐AGS	  



Access	  Higher	  pT:	  EM	  Clusters	  	  
AN	  vs	  pT,	  √s=200	  GeV	  	  	  

...)(
00

+++= γγηηππ fAfAfAclusterA NNNN

STAR	  pi0	  data	  from:	  
PRL	  101	  (2008)	  

STAR	  2γ	  method	  
PHENIX	  inclusive	  
cluster	  	  
preliminary	  

Decay photon 
π0  
 Direct photon 
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PHENIX	  Preliminary	  
EM	  clusters	  



-  No sign of 1/pT falloff yet. 
-  Collins? 
-  Twist-3 pT-dep not trivial 

 
-    Much improved with MPC-EX (2015+) 

Forward	  AN	  Challenge:	  pT	  Dependence	  
Valence	  Quarks’	  Sivers	  or	  Collins	  effects?	  

10 

Sub-‐process	  frac?ons	  p+p	  200GeV	  
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π0	  

AN ~
1
Q

@twist !3

x1	  

Y.	  Koike,	  2012	  



A	  New	  Challenge:	  AN	  Sign	  Mismatch?	  
•  Twist-‐3	  (RHIC)	  v.s.	  Sivers	  (SIDIS)	  •  should be very relevant for single-spin asymmetries 

   in pp ! πX 
STAR 

E704 

Used to extract TF: Qiu,Sterman 
Kouvaris et al. 
Kanazawa,Koike 
Kang,Prokudin 

•  should be very relevant for single-spin asymmetries 
   in pp ! πX 

STAR 

E704 

Used to extract TF: Qiu,Sterman 
Kouvaris et al. 
Kanazawa,Koike 
Kang,Prokudin 

A	  possible	  solu?on?	  Kang,	  Prokudin	  PRD	  (2012)	  

May 11, 2011 Zhongbo Kang, RBRC/BNL

Distinguish scenario I and II

! Scenario I and II are completely different from each other

! To distinguish one from the other, in hadronic machine (like RHIC), 
one needs to find observables which are sensitive to twist-3 
correlation function (not fragmentation function), such as single 
inclusive jet production, direct photon production

31
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Feb 10, 2012 Zhongbo Kang, RBRC/BNL

What could go wrong - Scenario I

! To obtain ETQS function, one needs the full kt-dependence of the 
quark Sivers function

! However, the Sivers functions are extracted mainly from HERMES data 
at rather low Q2~2.4 GeV2, and TMD formalism is only valid for the 
kinematic region kt << Q.
! HERMES data only constrain the behavior (or the sign) of the Sivers function at 

very low kt ~ !QCD.

26
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Kang,	  Qiu,	  Vogelsang,	  Yuan	  PRD	  2011	  
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SIDIS	  Data	  

unknown	  

Collins	  dominates?	  
	  
Need	  more	  data!	  
-‐	  X-‐coverage	  important!	  



MPC-EX 

A	  combined	  charged	  par?cle	  tracker	  and	  
EM	  pre-‐shower	  detector	  –	  dual	  gain	  
readout	  allows	  sensi?vity	  to	  MIPs	  and	  full	  
energy	  EM	  showers.	  
	  
• π0	  rejec?on	  à	  direct	  photons	  
• π0	  reconstruc?on	  out	  to	  >80GeV	  

Coming soon: MPC-EX (2015+)	  

3.1<|η|<3.9	  

Dir.	  Photon	  AN	  
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Polarized	  p+A	  at	  RHIC(2015+)	  

•  Large	  transverse	  spin	  asymmetry	  AN	  at	  forward	  rapidity	  –	  	  a	  large	  analyzing	  power	  at	  large	  x1	  
•  Gluon	  satura?on/CGC	  probed	  at	  forward	  rapidity	  in	  p+A	  –	  small	  x2	  in	  A	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  A	  new	  probe	  –	  using	  a	  large	  spin	  asymmetry	  to	  study	  CGC	  effects	  in	  the	  forward	  rapidity	  
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“Polarized	  p+A	  @RHIC”	  workshop,	  Jan.,	  2013	  
h}ps://indico.bnl.gov/conferenceDisplay.py?
ovw=True&confId=553	  

x2	  

x2	  

!! forward ~ !f (x1)" g(x2 ); x1 >> x2

x1 ∼ p⊥√
s
e+y ∼ 1

x2 ∼ p⊥√
s
e−y � 1

Jan 8, 2013 Zhongbo Kang, LANL

Observation at high energy

! The spin asymmetry becomes the largest at forward rapidity region, 
corresponding to
! The partons in the projectile (the polarized proton) have very large momentum 

fraction x: dominated by the valence quarks (spin effects are valence effects)
! The partons in the target (the unpolarized proton or nucleus) have very small 

momentum fraction x: dominated by the small-x gluons

! Thus spin asymmetry in the forward region could probe both
! The transverse spin effect from the valence quarks in the projectile: Sivers 

effect, Collins effect, and etc
! The small-x gluon saturation physics in the target

4

projectile:

target:

valence

gluon

√
s

Tuesday, January 8, 2013

x1	  
p	   A	  

x2	  

Now we turn to the spin-dependent differential cross section. For the Collins function,
we assume it also has a Gaussian form [38],

δq̂(z, p2⊥) ∼
1

(∆2 − δ2)3/2
e−p2

⊥
/(∆2−δ2), (15)

with a slight difference in the Gaussian width ∆2− δ2 to satisfy the positive bound. Substi-
tuting the above equation to the differential cross section formula in Eq. (8), one obtains,

d∆σ
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√
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From the above results, we find that the single spin asymmetry behaves as,
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where we have made reasonable assumptions: Q2
s & ∆2 & δ2. The above result indicates

that the asymmetry vanishes when Ph⊥ → 0, and it also depends on the transverse momen-
tum width in the fragmentation function. Certainly, if there is no transverse momentum
dependence, the whole effects will vanish. Furthermore, the spin asymmetry also decreases
with the saturation scale. This is because the fragmentation effect is suppressed if we in-
crease the saturation scale (see also Eq. (14)). From the above simple analysis, we find that
the spin asymmetry in general will have broader distribution as a function of Ph⊥.

Moreover, it is interesting to note that the double ratio of the spin asymmetries between
p↑A and p↑p scatterings scales as

ApA→h
N

App→h
N

∣

∣

∣

∣

∣

P 2
h⊥%Q2

s

≈
Q2

sp

Q2
sA

e
P2
h⊥δ2

Q4
sp , (18)

at small transverse momentum, where we have assumed that the saturation scale for nucleus
is much larger than that for the nucleon at the same kinematics. This is the most interesting
result from the scaling analysis. The ratio of the spin asymmetry is inversely proportional
to the saturation scale in the limit of Ph⊥ → 0. This can be used as an important probe for
the saturation scale of the gluon distribution in the nuclei target.

Similarly, we can estimate the large transverse momentum behavior for the spin asym-
metries, where the unintegrated gluon distribution behaves as

NF (x, q⊥) ∼
Q2

s

q4⊥
. (19)

If we still assume that the fragmentation function can be parametrized as a Gaussian form,
we will find out,

AN (Ph⊥) ∝
2Ph⊥

√
∆2 − δ2

P 2
h⊥ + 4∆2

, (20)
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beam use proposal Run-15 request for p+Au @ 200 GeV with transverse polarization
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Figure 3.9: Shown are the projected statistical and systematic uncertainties for the requested
polarized p+Au and p+p @ 200 GeV running. The colored curves represent a schematic

expectation from the model of Kang and Yuan and apply for transverse momentum values
below the saturation scale. These curves follow the functional form with the assumption

that Qsat = 1 GeV/c and QA
sat = A1/3Qsat, plus a delta parameter related to the form of the

Collins FF The mapping out of the pT and A dependence is thus very important.

suppressed at small-x (x ∼ 10−3) compared to in protons, but the magnitude of this sup-621

pression is poorly constrained by existing experimental data. It has been conjectured that622

at low-x in the nucleus the gluon density saturates below a scale Qsat, forming a universal623

state known as the Color Glass Condensate. The existence of such a state would tame the624

rapid growth of the gluon PDF indicated by data from HERA DIS experiments, and there625

are tantalizing hints from RHIC d+Au collisions that such a state may be accessible at626

RHIC. Understanding the gluon distribution at low-x in nuclei is critical to a complete627

understanding of the formation and evolution of the quark-gluon plasma in heavy-ion628

collisions.629

Current probes of low-x at RHIC have relied in hadronic probes, which average over many630

partonic processes and only partially access the gluon distribution in nuclei. Effects of631

shadowing and anti-shadowing effects are clear from the PHENIX measurements to date632

of quarkonia and open heavy flavor leptons in d+Au collisions; however, that does not633

allow for a precision quantification. In contrast, prompt photon production at forward634

rapidities is dominated by q+g scattering in leading order, and is optimally sensitive to the635

gluon distribution. The MPC-EX will measure prompt photons in p+p and p+A collisions636

(with A = Au, Cu, and possible Si and C) for pT > 3 GeV/c to extract the ratio RpA. This637

measurement will provide constraints on existing models of the gluon distribution at638

low-x, such as the EPS09 nuclear PDFs [25].639

33

-‐-‐	  p+Si	  
-‐-‐	  p+Cu	  
-‐-‐	  p+Au	  

Forward	  Pion	  Single-‐Spin	  Asymmetry	  

Kang,	  Yuan	  (2011)	  



Unique	  Opportunity	  @RHIC:	  Study	  Gluons!	  
•  How	  about	  Gluons?	  

–  Gluons	  	  ~50%	  
–  Significant	  gluons	  at	  “large	  x”	  
–  Twist-‐3	  quark-‐gluon	  and	  gluon-‐

gluon	  corr.	  func?ons	  

•  Probe	  gluons	  with	  heavy	  quarks	  
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xg(x)	  

xu(x)	  
xd(x)	  



Heavy	  Quark	  TSSA	  at	  RHIC	  	  
Twist-‐3	  tri-‐gluon	  correla?on	  func?ons	  	  
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Koike	  et.	  al.	  (2011)	  
Kang,	  Qiu,	  Vogelsang,	  Yuan	  (2008)	  

AN (D) !
?
AN (D)

g+ g! c+ c
c! µ+

c! µ"

! f = +1(c); !1(c )

PHENIX	  Preliminary	  Data	  
Calcula?on/plot	  by	  Koike	  
PHENIX	  preliminary	  data	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Plots	  by	  Koike	  



FVTX	  Upgrade	  Completed	  in	  2012	  
	  	  	  	  	  New	  Capabili?es	  of	  Forward	  Muon	  Probes	  
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• Precision Charm/Beauty Measurements 
• Drell-Yan, J/ψ … via dimuons 
• W/Z 
•  FVTX analysis in progress 
 

πàµ	


Drell-Yan  
prompt 

6/24/13	  

Align	  
Wedges	  

Re
sid

ua
l	  (
μm

)	  	  

FVTX	  aligned	  to	  <10	  µm	  



•  Forward	  Muon	  arms	  
–  Run6,	  8	  
–  Run12	  work	  in	  progress	  
–  Much	  improved	  w/FVTX	  (Run15)	  
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FVTX	  

μ+	  

μ-‐	  

Projected	  Open	  Charm	  TSSA	  with	  FVTX	  	  
Unique	  opportunity	  to	  study	  gluon	  Sivers	  distribu?ons	  at	  RHIC	  

μ-‐	  



	  J/ψ	  AN	  	  Measurement	  in	  p+p	  Collisions	  
A	  new	  tool	  to	  study	  J/Psi	  produc?on	  mechanisms	  in	  p+p	  	  
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AN	  !=	  0	  
Color	  singlet	  

AN	  =0	  
Color	  Octet	  	  

F.	  Yuan,	  PRD	  78,	  014024(2008)	  
	  

J /!" µ+µ#
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•  A	  new	  test	  QCD	  
factoriza?on	  and	  role	  
of	  spin	  in	  par?cle	  
produc?on	  

•  Expect	  much	  improved	  
measurements	  from	  
future	  high	  stat	  runs	  
@RHIC	  	  

Run	  (06+08)+12	  



•  Drell-‐Yan	  AN	  accesses	  quark	  Sivers	  
effect	  (f1T⊥)	  in	  proton	  

•  f1T⊥	  expected	  to	  reverse	  in	  sign	  
from	  SIDIS	  to	  DY	  meas.	  
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Future	  Forward	  Dimuon	  Drell-‐Yan	  AN	  Study	  
fundamentally	  important	  test	  of	  QCD	  factoriza?on	  and	  gauge-‐link	  

RHIC	  1-‐year	  running	  projec?on	  

Semi-‐inclusive	  DIS	  (SIDIS)	   Drell-‐Yan	  

DOE	  milestone	  HP13	  

~2016	  

ep↑ → e�πX pp↑ → µ+µ−X

f⊥q
1T |SIDIS = −f⊥q

1T |DY
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Spin	  Physics	  with	  Forward	  s/ePHENIX	  

Aerogel	  
&	  

RICH	  

GEM	  
Sta?on4	  

EMCal	  

HCal	  

GEM	  
Sta?on2	  

z	  (cm)	  

R	  (cm)	  

HCal	  

η~1	  

η~4	  

η~-‐1	  

R	  (cm)	  

GEM	  
Sta?on3	  

Silicon	  
Sta?on1	  

MuID	  

	  	  	  	  p 	  p	  
	  	  	  	  p 	  A	  
3He 	  p	  

Forward	  field	  shaper	  
(later	  slides)	  

Central	  silicon	  tracking	  

EMCal&	  Preshower	  

OpEmized	  for	  jets,	  photons	  and	  DY	  over	  a	  large	  range	  in	  rapidity	  	  (1<eta<4)	  
•  Extension	  of	  sPHENIX	  central	  solenoid	  
•  Precision	  tracking	  
•  PID	  (p/K/p)	  
•  EMCal	  and	  HCal	  
•  Muon	  iden?fica?on	  

Jin	  Huang’s	  Talk	  



Drell-‐Yan	  Kinema?cs	  with	  Forward	  s/ePHENIX	  
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study	  sign	  change	  and	  shape!	   Probe	  deep	  sea-‐quark	  polariza?on!	  



Summary	  and	  Outlook	  	  
•  Significant	  TSSA	  observed	  in	  the	  

forward	  rapidity	  
–  Pion	  and	  eta	  via	  MPC	  
–  Leading	  neutrons	  in	  ZDC	  

•  Expect	  much	  improved	  
measurements	  w/	  forward	  MPC-‐EX	  
–  larger	  pT,	  xF	  coverage;	  dir-‐photon	  
–  Quarks’	  Sivers	  and	  Collins	  effects	  

•  Forward	  muons	  with	  FVTX	  
–  Gluon	  Sivers	  
–  Charm	  vs	  an?-‐Charm	  &	  tri-‐gluon	  
–  Drell-‐Yan	  to	  test	  QCD	  

•  Forward	  s/ePHENIX	  
–  New	  spin	  program	  	  
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beam use proposal Run-15 request for p+Au @ 200 GeV with transverse polarization
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 |z|<40 cm, P=60%-1:    50 pbp+pL
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p+Au
p+Cu
p+Si

Figure 3.9: Shown are the projected statistical and systematic uncertainties for the requested
polarized p+Au and p+p @ 200 GeV running. The colored curves represent a schematic

expectation from the model of Kang and Yuan and apply for transverse momentum values
below the saturation scale. These curves follow the functional form with the assumption

that Qsat = 1 GeV/c and QA
sat = A1/3Qsat, plus a delta parameter related to the form of the

Collins FF The mapping out of the pT and A dependence is thus very important.

suppressed at small-x (x ∼ 10−3) compared to in protons, but the magnitude of this sup-621

pression is poorly constrained by existing experimental data. It has been conjectured that622

at low-x in the nucleus the gluon density saturates below a scale Qsat, forming a universal623

state known as the Color Glass Condensate. The existence of such a state would tame the624

rapid growth of the gluon PDF indicated by data from HERA DIS experiments, and there625

are tantalizing hints from RHIC d+Au collisions that such a state may be accessible at626

RHIC. Understanding the gluon distribution at low-x in nuclei is critical to a complete627

understanding of the formation and evolution of the quark-gluon plasma in heavy-ion628

collisions.629

Current probes of low-x at RHIC have relied in hadronic probes, which average over many630

partonic processes and only partially access the gluon distribution in nuclei. Effects of631

shadowing and anti-shadowing effects are clear from the PHENIX measurements to date632

of quarkonia and open heavy flavor leptons in d+Au collisions; however, that does not633

allow for a precision quantification. In contrast, prompt photon production at forward634

rapidities is dominated by q+g scattering in leading order, and is optimally sensitive to the635

gluon distribution. The MPC-EX will measure prompt photons in p+p and p+A collisions636

(with A = Au, Cu, and possible Si and C) for pT > 3 GeV/c to extract the ratio RpA. This637

measurement will provide constraints on existing models of the gluon distribution at638

low-x, such as the EPS09 nuclear PDFs [25].639

33

-‐-‐	  p+Si	  
-‐-‐	  p+Cu	  
-‐-‐	  p+Au	  

μ+	  

μ-‐	  
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TABLE V: The results of the xF dependence of AN for neu-
tron production in the ZDC trigger sample of p+p collisions
at

√
s=200 GeV. First and second uncertainties show statis-

tical and pT -correlated systematic uncertainties, respectively.
Scale uncertainties from the asymmetry measurements and
the beam polarization are not included.

〈xF 〉 AN χ2/ndf

-0.776 -0.0059±0.0252±0.0095 11.6/7

-0.682 -0.0219±0.0255±0.0035 6.833/7

-0.568 -0.0050±0.0303±0.0076 9.252/7

0.568 -0.0503±0.0263±0.0076 7.012/7

0.682 -0.0625±0.0221±0.0035 2.68/7

0.776 -0.0772±0.0217±0.0095 5.38/7

TABLE VI: The results of the xF dependence of AN for
neutron production in the ZDC⊗BBC trigger sample of p+p
collision at

√
s=200 GeV. First and second uncertainties show

statistical and pT -correlated systematic uncertainties, respec-
tively. Scale uncertainties from the asymmetry measurements
and the beam polarization are not included.

〈xF 〉 AN χ2/ndf

-0.749 0.0035±0.0117±0.0082 2.672/7

-0.664 -0.0093±0.0106±0.0037 2.915/7

-0.547 -0.0033±0.0115±0.0096 6.783/7

0.547 -0.0629±0.0097±0.0096 13.27/7

0.664 -0.0657±0.0090±0.0037 5.425/7

0.749 -0.0667±0.0099±0.0082 5.003/7

ror bars and pT -correlated systematic uncertainties are
shown as brackets. Scale uncertainties from the asym-
metry measurements and the beam polarization are not
included.
We observe significant negative AN for neutron pro-

duction in the positive xF region and with no energy
dependence within the uncertainties, both for inclusive
neutron production and for production including a beam-
beam interaction requirement. No significant backward
neutron production asymmetry is observed.

V. DISCUSSION

The measurement of the cross section for the p+p pro-
duction of neutrons at

√
s=200 GeV has been presented

here, and it is consistent with xF scaling when compared
to ISR results. These cross sections are described by the
OPE model in Regge calculus [4–10]. Therefore, the ob-
served large asymmetry for neutron production at RHIC,
as presented in [1] and here, may arise from the inter-
ference between a spin-flip amplitude due to the pion
exchange and nonflip amplitudes from other Reggeon ex-
changes. So far our knowledge of Reggeon exchange com-
ponents for neutron production is limited to the pion.

>F<x
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

N
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0.1 8.0% systematic scale uncertainty not shown
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F
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F
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polarization scale uncertainties not shown

>F<x
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0.1 7.4% systematic scale uncertainty not shown
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FIG. 17: The xF dependence of AN for neutron produc-
tion in the ZDC trigger sample (top) and for the ZDC⊗BBC
trigger sample (bottom). The error bars show statistical un-
certainties and brackets show pT -correlated systematic uncer-
tainties. Systematic scale uncertainties listed in Table IV and
polarization scale uncertainties are not included.

Under the OPE interpretation, the asymmetry has sen-
sitivity to the contribution of all spin nonflip Reggeon
exchanges, even if the amplitudes are small. Recently
Kopeliovich et al. calculated the AN of forward neutron
production from the interference of pion and Reggeon ex-
changes, and the results were in good agreement with the
PHENIX data [21].

We can also discuss our results based on the meson-
cloud model [22]. This model gives a good description
for the result from a Drell-Yan experiment at FNAL,
E866[23]. In this model, the Drell-Yan process is gen-
erated by the interaction between the d quark in one
proton and the d̄ quark in the π+ of p → nπ+ state
for other proton. In this model the neutron should be
generated with very forward kinematics, possibly simi-
lar to the kinematics of the results presented here. The
meson-cloud model was successfully applied to neutron
production in the ISR experiment [8] and we expect it is
applicable to our AN and cross section measurements for
higher energy p+p collisions.

neutron 

neutron 

 
BBC hits 
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The energy dependence of the single-transverse-spin asymmetry, AN , and the cross section for
neutron production at very forward angles were measured in the PHENIX experiment at RHIC for
polarized p+p collisions at

√
s=200 GeV. The neutrons were observed in forward detectors covering

an angular range of up to 2.2 mrad. We report results for neutrons with momentum fraction of
xF=0.45 to 1.0. The energy dependence of the measured cross sections were consistent with xF

scaling, compared to measurements by an ISR experiment which measured neutron production in
unpolarized p+p collisions at

√
s=30.6–62.7 GeV. The cross sections for large xF neutron production

for p+p collisions, as well as those in e + p collisions measured at HERA, are described by a
pion exchange mechanism. The observed forward neutron asymmetries were large, reaching AN =
−0.08 ± 0.02 for xF=0.8; the measured backward asymmetries, for negative xF , were consistent
with zero. The observed asymmetry for forward neutron production is discussed within the pion
exchange framework, with interference between the spin-flip amplitude due to the pion exchange
and nonflip amplitudes from all Reggeon exchanges. Within the pion exchange description, the
measured neutron asymmetry is sensitive to the contribution of other Reggeon exchanges even for
small amplitudes.

PACS numbers: 13.85.Ni,13.88.+e,14.20.Dh,25.75.Dw

I. INTRODUCTION

With the first polarized p+p collisions at
√
s = 200

GeV at the Relativistic Heavy Ion Collider (RHIC), a
large single transverse spin asymmetry (AN ) for neutron
production in very forward kinematics was discovered by
a polarimeter development experiment [1]. That exper-
iment was designed to measure the asymmetry for very
forward photons and used an electromagnetic calorime-
ter. The calorimeter was used to identify neutrons, orig-
inally to remove them from the photon data, when a
large asymmetry was observed in forward neutrons. The
neutron energy resolution was coarse, so no cross sec-
tion measurement was reported. The discovery inspired
the PHENIX experiment to use existing very forward
hadronic calorimeters, with additional shower maximum
detectors, to measure the neutron transverse asymme-
try at the PHENIX interaction point at RHIC with a
significantly better neutron energy resolution. Here we
report the first measurements of very forward inclusive
and semi-inclusive neutron production cross sections at√
s = 200 GeV and measurements of AN for forward and

backward production with improved neutron energy res-
olution. The AN is a left–right asymmetry written as:

AN =
dσ↑ − dσ↓

dσ↑ + dσ↓
(1)

for yields observed to the left when facing along the polar-
ized proton’s momentum vector, where dσ↑ (dσ↓) is the
production cross section when the protons are polarized

∗Deceased
†PHENIX Spokesperson: jacak@skipper.physics.sunysb.edu

up (down). The AN with cross section measurements for
higher energy p+p collisions provide qualitatively new
information toward an understanding of the production
mechanism.

X
a

p
N

R

t
!n

-Q 2

s’

(mp,Ep) (mn,En)

FIG. 1: A schematic diagram of neutron production, pa →
nX, for the Reggeon exchange model shown with Lorentz
invariant variables s′, Q2 and t. “a” is a proton or positron
for p+p or e+p reactions. R indicates a Regge trajectory with
isospin odd such as π, ρ, a2 and Pomeron-π in the Regge
theory. For pion exchange, R = π.

Cross sections of inclusive neutron production in un-
polarized p+p collisions were measured at the ISR from√
s = 30.6 to 62.7 GeV [2, 3]. These cross sections have

been described using One Pion Exchange (OPE) models
[4–10]. In OPE, the incoming proton emits a pion which
scatters on the other proton as shown in Figure 1. Kine-
matics of the neutron are characterized by two variables,
xF and pT defined by,

xF = pL/pL(max) = En cos θn/Ep ∼ En/Ep, (2)

pT = En sin θn ∼ xFEpθn. (3)
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where pL is the momentum component of the neutron in
the proton-beam direction, En and Ep are energies of the
neutron and the proton beam, and θn is the polar angle of
the neutron from the beam direction which is very small
(∼mrad) for forward neutron production. The measured
cross section showed a peak around xF ∼ 0.8 and was
found to have almost no

√
s dependence. OPE models

gave a reasonable description of the data.
OPE models were also used to describe proton and

photon induced production of neutrons measured at the
HERA e+p collider [11, 12]. These measurements probe
the pion structure function at small x. The NA49 col-
laboration also published the cross section for forward
neutron production for p+p collisions at

√
s = 17.3 GeV

[13]. They compared the result with those from ISR and
HERA and found they did not agree.
The neutron asymmetry provides a new tool to probe

the production mechanism. For the OPE model, AN

arises from an interference between spin-flip and spin-
nonflip amplitudes. Since the pion-exchange amplitude
is fully spin-flip, the asymmetry is sensitive to other
Reggeon exchange amplitudes which are spin-nonflip,
even for small amplitudes.
This paper presents the xF dependence of cross sec-

tions, inclusive and semi-inclusive (with a beam-beam
interaction requirement), and AN for very forward and
very backward neutron production in polarized p+p col-
lisions at

√
s = 200 GeV.

II. EXPERIMENTAL SETUP

A. Detector apparatus

A plan view of the experimental setup for very forward
neutron measurement at PHENIX [14] is shown in Fig. 2.
The RHIC polarized proton beams were vertically polar-
ized. Each collider ring of RHIC was filled with up to
111 bunches in a 120 bunch pattern, spaced 106 ns apart,
with predetermined patterns of polarization signs for the
bunches. The colliding beam rotating clockwise when
viewed from above is referred to as the “Blue beam” and
the beam rotating counterclockwise, the “Yellow beam”.

Collision point

BBC

ZDC (W-Cu alloy) Charge veto counter (Plastic Scintillator)

SMD (Plastic Scintillator)

Yellow Beam Blue Beam

Dx Dx

1800 cm

5 cm

SOUTH NORTH

FIG. 2: A plan view of the experimental setup at PHENIX
(not to scale). Shown are the principal components for the
neutron physics. Charged veto counters are in front of ZDCs,
and the SMDs are between the first and second ZDC modules.

Neutrons were measured by a Zero-Degree Calorimeter
(ZDC) [15] with a position-sensitive Shower-Maximum

Detector (SMD). One ZDC module is composed of Cu-W
alloy absorbers with PMMA-based communication grade
optical fibers, and corresponds to 1.7 nuclear interaction
lengths. A single photomultiplier collects Čerenkov light
via optical fibers. Three ZDC modules are located in
series (5.1 nuclear interaction lengths) at ±1800 cm away
from the collision point, covering 10 cm in the transverse
plane.
The SMD comprises x-y scintillator strip hodoscopes

and is inserted between the first and second ZDC modules
(see Fig. 5 of [15]) at approximately the depth of the max-
imum of the hadronic shower. The x-coordinate (horizon-
tal) is given by 7 scintillator strips of 15 mm width, while
the y-coordinate (vertical) is given by 8 strips of 20 mm
width, tilted by 45 degrees.
The neutron position can be reconstructed from the en-

ergy deposited in scintillators with the centroid method.
We calculated the centroid:

x =

∑NSMD

multi.

i E(i) · x(i)
∑NSMD

multi.

i E(i)
, (4)

where E(i) and x(i) are the energy deposit and the posi-
tion of the i-th scintillator, respectively. The number of
scintillators with pulse height above the Minimum Ion-
ization Particle (MIP) peak is shown as NSMD

multi. which is
defined as the SMD multiplicity.
Detectors are located downstream of the RHIC dipole

(DX) magnet, so that collision-related charged particles
are swept out. A forward scintillation counter, with di-
mensions 10×12 cm, was installed in front of the ZDC to
remove charged particle backgrounds from other sources.
In this analysis, we used only the south ZDC detector,
which is facing the Yellow beam.
As a beam luminosity monitor, Beam Beam Counters

(BBCs) are used. The BBC comprises 64 photomultiplier
tubes and 3 cm thick quartz Čerenkov radiators. The
two BBCs are mounted around the beam pipe ±144 cm
away from the collision point which cover ±(3.0–3.9) in
pseudorapidity and 2π in azimuth.
The neutron data were collected in 2006 with two trig-

gers. One is the ZDC trigger for neutron inclusive mea-
surements, requiring an energy deposit in the south ZDC
greater than 5 GeV. The other trigger was a ZDC⊗BBC
trigger, a coincidence trigger of the ZDC trigger with
BBC hits which are defined as one or more charged par-
ticles in both of the BBC detectors. We note that the
ZDC trigger was prescaled due to data acquisition limi-
tations. Therefore, the ZDC trigger samples are signifi-
cantly smaller than the ZDC⊗BBC trigger samples.

B. Detector performance

In order to evaluate the detector performance, sim-
ulation studies were performed with geant3 with
GHEISHA [16] which simulated the response of the pro-
totype ZDC to hadrons well. A single neutron event
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The mean values of the simulated pT distributions in
each energy region are also listed in Table I. The cross
section was obtained after the correction of the energy
unfolding and the cut efficiency.

TABLE II: Systematic uncertainties for the cross section
measurement. The absolute normalization error is not in-
cluded in these errors. The absolute normalization uncer-
tainty was estimated by BBC counts to be 9.7% (22.9±2.2
mb for the BBC trigger cross section).

exponential pT form Gaussian pT form

pT distribution 3 – 10% 7 – 22%

beam center shift 3 – 31%

proton background 3.6%

multiple hit 7%

total 11 – 33% 16 – 39%

Table II summarizes all systematic uncertainties evalu-
ated as the ratio of the variation to the final cross section
values. The absolute normalization error is not included
in these errors. It was estimated by BBC counts to be
9.7% (22.9±2.2 mb for the BBC trigger cross section).
The background contamination in the measured neu-

tron energy with the ZDC energy from 20 to 140 GeV
for the acceptance cut of r < 2 cm was estimated by
the simulation with the pythia event generator. The
background from protons was estimated to be 2.4% in
the simulation. The systematic uncertainty in the exper-
imental data was determined to be 1.5 times larger than
this as discussed in section II B 3. Multiple particle de-
tection in each collision was estimated to be 7% with the
r < 2cm cut.
In the cross section analysis, we evaluated the beam

center shift described in Appendix A as a systematic un-
certainty. For the evaluation, cross sections were calcu-
lated in the different acceptances according to the result
of the beam center shift while requiring r<2 cm, and the
variations were applied as a systematic uncertainty.

B. Result

TABLE III: The result of the differential cross section
dσ/dxF (mb) for neutron production in p+p collisions at√
s=200 GeV. The first uncertainty is statistical, after the

unfolding, and the second is the systematic uncertainty. The
absolute normalization error, 9.7%, is not included.

〈xF 〉 exponential pT form Gaussian pT form

0.53 0.243±0.024±0.043 0.194±0.021±0.037

0.68 0.491±0.039±0.052 0.455±0.036±0.085

0.83 0.680±0.044±0.094 0.612±0.044±0.096

0.93 0.334±0.035±0.111 0.319±0.037±0.123
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FIG. 13: (color online) The cross section results for forward
neutron production in p+p collisions at

√
s=200 GeV are

shown. Two different forms, exponential (squares) and Gaus-
sian (circles), were used for the pT distribution. Statistical
uncertainties are shown as error bars for each point, and sys-
tematic uncertainties are shown as brackets. The integrated
pT region for each bin is 0 < pT < 0.11xF GeV/c. Shapes of
ISR results are also shown. Absolute normalization errors for
the PHENIX and ISR are 9.7% and 20%, respectively.

The differential cross section, dσ/dxF , for forward neu-
tron production in p+p collisions at

√
s=200 GeV was

determined using two pT distributions: a Gaussian form,
as used in HERA analysis, and an exponential form, used
for ISR data analysis. The results are listed in Table III
and plotted in Fig. 13. We show the results for xF above
0.45 since the data below 0.45 are significantly affected by
the energy cut-off before the unfolding. The pT range in
each xF bin is 0 < pT < 0.11xF GeV/c from Eq. (2) with
the acceptance cut of r < 2 cm. The absolute normaliza-
tion uncertainty for the PHENIX measurement, 9.7%, is
not included.
Invariant cross sections measured at the ISR exper-

iment were converted to differential cross sections for
the comparison with the PHENIX data. The conver-
sion formula from the invariant cross section Ed3σ/dp3

to dσ/dxF is described with the approximation in the
forward kinematics as

dσ

dxF
=

2π

xF

∫

Acc.

E
d3σ

d3p
pTdpT , (8)

where Acc. means the pT range of the PHENIX accep-
tance cut; 0 < pT < 0.11xF GeV/c for the r < 2 cm cut.
As a pT shape, we used an exponential form exp(−4.8pT )
which was obtained from the 0.3 < xF < 0.7 region from
the ISR results [2, 3].
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TABLE V: The results of the xF dependence of AN for neu-
tron production in the ZDC trigger sample of p+p collisions
at

√
s=200 GeV. First and second uncertainties show statis-

tical and pT -correlated systematic uncertainties, respectively.
Scale uncertainties from the asymmetry measurements and
the beam polarization are not included.

〈xF 〉 AN χ2/ndf

-0.776 -0.0059±0.0252±0.0095 11.6/7

-0.682 -0.0219±0.0255±0.0035 6.833/7

-0.568 -0.0050±0.0303±0.0076 9.252/7

0.568 -0.0503±0.0263±0.0076 7.012/7

0.682 -0.0625±0.0221±0.0035 2.68/7

0.776 -0.0772±0.0217±0.0095 5.38/7

TABLE VI: The results of the xF dependence of AN for
neutron production in the ZDC⊗BBC trigger sample of p+p
collision at

√
s=200 GeV. First and second uncertainties show

statistical and pT -correlated systematic uncertainties, respec-
tively. Scale uncertainties from the asymmetry measurements
and the beam polarization are not included.

〈xF 〉 AN χ2/ndf

-0.749 0.0035±0.0117±0.0082 2.672/7

-0.664 -0.0093±0.0106±0.0037 2.915/7

-0.547 -0.0033±0.0115±0.0096 6.783/7

0.547 -0.0629±0.0097±0.0096 13.27/7

0.664 -0.0657±0.0090±0.0037 5.425/7

0.749 -0.0667±0.0099±0.0082 5.003/7

ror bars and pT -correlated systematic uncertainties are
shown as brackets. Scale uncertainties from the asym-
metry measurements and the beam polarization are not
included.
We observe significant negative AN for neutron pro-

duction in the positive xF region and with no energy
dependence within the uncertainties, both for inclusive
neutron production and for production including a beam-
beam interaction requirement. No significant backward
neutron production asymmetry is observed.

V. DISCUSSION

The measurement of the cross section for the p+p pro-
duction of neutrons at

√
s=200 GeV has been presented

here, and it is consistent with xF scaling when compared
to ISR results. These cross sections are described by the
OPE model in Regge calculus [4–10]. Therefore, the ob-
served large asymmetry for neutron production at RHIC,
as presented in [1] and here, may arise from the inter-
ference between a spin-flip amplitude due to the pion
exchange and nonflip amplitudes from other Reggeon ex-
changes. So far our knowledge of Reggeon exchange com-
ponents for neutron production is limited to the pion.
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FIG. 17: The xF dependence of AN for neutron produc-
tion in the ZDC trigger sample (top) and for the ZDC⊗BBC
trigger sample (bottom). The error bars show statistical un-
certainties and brackets show pT -correlated systematic uncer-
tainties. Systematic scale uncertainties listed in Table IV and
polarization scale uncertainties are not included.

Under the OPE interpretation, the asymmetry has sen-
sitivity to the contribution of all spin nonflip Reggeon
exchanges, even if the amplitudes are small. Recently
Kopeliovich et al. calculated the AN of forward neutron
production from the interference of pion and Reggeon ex-
changes, and the results were in good agreement with the
PHENIX data [21].

We can also discuss our results based on the meson-
cloud model [22]. This model gives a good description
for the result from a Drell-Yan experiment at FNAL,
E866[23]. In this model, the Drell-Yan process is gen-
erated by the interaction between the d quark in one
proton and the d̄ quark in the π+ of p → nπ+ state
for other proton. In this model the neutron should be
generated with very forward kinematics, possibly simi-
lar to the kinematics of the results presented here. The
meson-cloud model was successfully applied to neutron
production in the ISR experiment [8] and we expect it is
applicable to our AN and cross section measurements for
higher energy p+p collisions.

neutron 

neutron 
 
BBC hits 
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Single	  pion	  exchange?	  

arXiv:1209.3283	  



6/24/13	 25	  

Forward	  Neutron	  AN	  
Forward	  asymmetry	  
AN	  =	  -‐0.061±0.010(stat)±0.004(syst)	  

Backward	  asymmetry	  
AN	  =	  -‐0.006±0.011(stat)±0.004(syst)	  

Forward	  asymmetry	  
AN	  =	  -‐0.075±0.004(stat)±0.004(syst)	  

Backward	  asymmetry	  
AN	  =	  -‐0.008±0.005(stat)±0.004(syst)	  

neutron 
charged 
particles 

neutron 

Interac?on	  trigger	  with	  charged	  par?cles	  in	  beam-‐beam	  counter	  (ZDC⊗BBC	  trigger)	  

Ming	  Liu	  @RHIC-‐AGS	  



Another	  Route	  to	  Transversity	  
•  Interference	  Fragmenta?on	  

Func?on	  (IFF)	  	  
–  Measured	  at	  BELLE	  
–  Collinear	  (no	  kT	  dependence)	  
–  Correlates	  quark	  spin	  with	  
produced	  hadron	  pair	  angular	  
momentum	  

•  At	  PHENIX,	  couples	  with	  
transversity	  
–  Ini?al	  data	  sta?s?cally	  limited	  
–  Expected	  improved	  
measurements	  from	  future	  
runs	  
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Color	  Flow	  in	  p+p	  Collisions	  
•  Theore?cal	  challenges	  

–  validity	  of	  factoriza?on,	  universality	  …	  
–  TMD,	  Twist-‐3…	  	  	  
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Breakdown	  of	  TMD	  in	  p+p	  
Experiment	  +	  Theory	  joint	  efforts	  

Bacche}a,	  Mulders@QCD-‐N12	  

! (h) ~ f (x1)! f (x2 )!
!
! x1+x2"h+X
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Spin	  Physics	  Program	  at	  RHIC	  

)()(
)()(

)()(
)()(

!++
!!+

+!+++
+!!++

=

=

""
""

""
""

L

LL

A

A ATT = ! (!!)"! (!#)
! (!!)+! (!#)

AN =
! (!)"! (#)
! (!)+! (#)

6/13/13	  

Gluon	  	  
polariza?on	  

An?-‐quark	  	  
polariza?on	  

Quark	  	  
transversity	  

Quark	  and	  gluon	  
Sivers	  and	  	  
Collins	  func?ons	  

Longitudinal	  program:	  
Focus	  on	  “Spin	  Crisis”	  

Transverse	  program:	  	  
New	  tests	  of	  QCD	  

RHIC	  is	  capable	  of	  delivering	  the	  beams	  required	  for	  precision	  spin	  physics	  now!	  

1
2
=
1
2
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Posi?ve	  Signals	  from	  SIDIS	  

•  Sivers	  
–  <sin(Φ–Φs)> �
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•  Collins	  	  
–  <sing(Φ+Φs))>	  



Forward	  Hadrons	  
pp	  @200GeV	  

BRAHMS	  PRL	  (2007)	  
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200	  pp	  Very	  Forward:	  y=3	  
(Data	  –	  NLO)/NLO	  
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BRAHMS	  



Data	  vs	  NLO:	  	  |eta|<0.35	  
(Data	  -‐	  NLO)/NLO	  
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62GeV	   200GeV	   500GeV	  



The sPHENIX Upgrade (2018) 

Magnetic Solenoid:  2 Tesla, 70 cm radius 
 

Compact Tungsten-Fiber EMCal 
 

Steel-Scintillator Hadronic Calorimeter 
 

Open geometry at forward angles for next  
 

stage  upgrades for transverse spin and  
 

eventual ePHENIX 

New PH
ENIX ce

ntral arm
s  

keep VT
X/FVTX

 inner tr
acking 

PHENIX Collaboration arXiv:1207.6378v1 
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